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This Letter reporty a nev experimental search fol

the family number nonconzerving docay u' » o'y, Thure

Is no evidenee tor the presence of  this  decay  mode,

The  uppem limit foa the branching 1atio

r(u » uy)/r(u » |l\’\’) < 4.9 x 10 h (‘N)Z (f.l..)-

is
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No process that violates the conservation of separate lepton numhers!
has ever been obscrved. Such processes are forbidden in the minimal
standard model? of electroweak interactions; their observation would
indicate the need for new physics. In many extensions to the standard
model,? decays that do not conserve muon number, such as u' + e'y, are
allowved. The theoretical rates for these processes generally depend upon
undeterminad parameters like mixing angles and heavy-particle masses. The
existing experimental upper limits for these rates provide model-dependent

constraints on lhese parameters.

The best presenl experimental upper limit for the branching ratio for

+ "'
T 2 e v) 7 x 1010 ooz ...

(& .
HCY r(ur 3 \_‘1““)

We report here an improved limit lor “uey trom data taken with the (rystal
Rox detector in the Stopped Muon channel at the Clinton P, Anderson Meson
I'hysies  Facility (LAMPF). This detecton™ s designed to identily tare
decay modes ol the muon. The signature o ap' » o'y decay at rest s a
position and .« photon vith F | Hv Y28 MeV, a time coincldence between

the ¢ and the photon, and an opening angle, Hﬂy. hetween the position  and
bl

the photon equal to 180 The apparatus must be able to measure with

precision the energy, ditection and  time ol emission of  photons  and

positions tu dotect the decay b’ 2 o'y and to 1ejoct backgrounds from muon

inner bremsstrahiung (u' 0 o'vuy) and tandom coineidences,
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The Crystal Box detector, shown in Fig. 1, consists of 396 NaI(T1)
crystals, 36 plastic scin-illation hodoscope counters, and a cylirdrical
drift chamberf surrounding a thin polystyrene target in which the muons
from a 26-MeV/c beam stop and decay at rest. There is no applied magnetic
field. T"lastic scintillation veto counters covering the regions upstream
and downstream of the hodoscope counters are not shown in the figure.
Positron trajectories are measured vith the drift chamber. The plastic
scintillators are used to distinguish positrons and photons in the trigget
and to provide a positron timing signal with a resolution of 290 ps (FWIIM).
The time of arrival of photons at the Nal(Tl) is measured with a resolution
ot 1.2 ns (FWHM). The photon is assumed to originate from the Intersection
nf the positron trajectory with the target pline, the photon conversion
point is dete-mined hy the distribution of the cnergy deposition among the
Nal(Tl) crystals. The resolution in va is dominated by the uncertainty in
the photon conversion point; the resolution lunction at 180° ecan  he
characterized by a FWidM of 5.  The measured energy resolution at 50 MeV s
AE/FE % (FUlIM).

Much care was taken to calibrate cach of the detectm elements and o
asisure  the stability of these calilmations thioughout the experimeni:.’' Foi
example, the stability of the energy measurements with the Nal(i1) array is
measured to  bhe constant  to better than 0.%% throughout the data and the
absolute energy is known to better than 0.29%%,

The hardware trigger (s based on the teir gquadiants ol §al(rln)
crystals and hodoscope counters.  The requitemepts ftar a g’ v o'y candidate
Me a coincidence within 5 ns of a "pesition quadirant™  and  an onposine
"photon  quadiant”. A position guadiant has a hodoscope connter signal and

more than 30 MeV deposited in the Nal(T1) in that  quadiant, A phoron
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quadrant has at least 30 MeV in the NaI(Tl) with no discriminator signal
from the hodoscope or veto scintillation counters for that quadrant. The
muon stopping rate was typically 4 x 105 s'1 (average) with a duty factor
betwveen 5X and 10%. During the course of the experiment, approximately 107
triggers were recorded.

The data analysis requires events to satisfy a number of additional
criteria designed to eliminate the vast majority of the triggers and to
retain for subsequunt analysis all good u -~ e'y events and an appreciable
sample of inner bremsstrahlung events and random coincidences. Farh photon
candidate has to deposit less than 0.25 MeV in the 1.27 em thick
scintillator it traverses and can have no drift. chamber track that points
to the photon conversion point in the Nal(Tl). There can be no
scintillator discriminator signal other than the one in the posit:on
quadrant. The e' candidate has to have a track in the diift chamber with a
tiajectory that intcorsects the target plane with an angle gmeater than 1°,

A 1estricted  data sample of 17 0% events  satisties |48, | € 5 ns,

ey
0“Y > 160°, l"'.(_ > 44 MeV, and l".‘ > 40 MoV

Figute 2a shows A'oy' the  photon positron relative timing, for a
subset  of  these events, This ligure shows the broad timing distribution
due to random photon posltron tiriggers and a coincidence peak; the width of
this peak Is 1.2 ns (FVIM). The major ity of the events ip the coineidence
peak are due to muon inner bremsstrahlung but any g ey events vould  aluo
be  included. It in the task ol the subsequent analysis to deteimine how

many of

these cvent: are due to po» ey, The kinemat le quant ity
Eol = (B, . H' '|““ 1 ﬂyl) in used 1o celeel oventy due to random triepey

vvents wlith Eop H” canmol corne Trom a position and a photen emerging f1om

a single muon  decay.  The daxhed curve in Fig. 20 comes trom a quadhiatie
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fit to the random background and a gaussian line shape for the coincidence
events, but it is also a goond representation of Atey for evenrs wvith
E+P > 115 MeV. The curve is rounded by the differing losses of efficiency
for the many detector elements in the coincidence logic for large |A[ev|‘

To estimate the number of u @ ey events in the data sample we employ

the maximum likelihood method. The likelihood function is defined to bhet

N ay .,

vhere N is the total number ot events, Nev (NIB) is the estimate of the

number of Y4 > ey (W * eyvy) events, and NR - (N - Ney . NIB) is the number

of events due to random bhackgrounds. The vector ¥ has components Gey.

at E_, and Ey. P, Q, and R are the normalized probabkility distributions

ey' “e’

for u *» ey, inner bremsstrahlung, and tandom background events,

respectively. The best estimates [or NUY and Nyp e those that maximize

the likelihood function for positive N Y and Nyg.

i\
The AtPY behavior of cach distribution is obtained as described above.
A Monte Carlo program is used to determine the dependence of P and ¢ on

0 E.,o and HY' out of time data evenls give the R probability

ey’ «

distributions for 6 I

ey’ o0 nd H‘. The Monte Carlo program accurately

tepraduces the response ot the detectors to positrons and  photony,
Electromagnetie  showers  are gimulated with  the  shower code FGSYV.Y The
output events from the Monte Carlo program are processed by the  some
pogtams as the data using the same algorithms for the Nal(T1) energy and
position Jdeterminaticon.  Vhile the LN dependence ol Poand 0 are the same,

the ather distributions e makedly diltferent; these differencens allow the
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maximum likelihood method to determine separately the number of muon inner
bremsstrahlung and u -+ ey events.

Figure 3 shows the normalized likelihood function. The function peaks
at Nyp=3470 + BO and Nev=0‘ There is an additional uncertainty in NiB of
+300 due to uncertainties in the shape of the random timing distribution
under the coincidence peak; this uncertainty does not affect Ney' Nip
agrees reasonably well with the 3960 + 90 inner bremsstrahlung events
expected in the data. The number of inner bremsstrahlung events is very
sensitive to the absolute energy measurement scale; a 2X¥ change in the
NaI(T1l) gain would imply a factor of two change In the expected number of
muon inner bremsstrahlung events. The agreement also verifies our
understanding or the muon flux, the acceptance and detection efficiency of
the apparatus and the shapes of the probability distributions.

The Llikelihood function distribution implies Nev € 11 events (90%
C.L.). Using the number of muons stopped ir the target, 1.35 x 1012,
duting the live time of t(he experiment, the apparatus acceptance [lor
ey, 0.305, and the detection efficiency, 0.545, we obtain

Bley < 4.9 % 10 I a0z ¢.1..)

We have subjecterd the data to a number ot systematic  checks. The
measured opening angle and energy spectia lor the in time and rundom events
aglee with the Monte Carlo  speoetia, The agrecment  is  domonstrated  in
I

Fig. 2(b d) where the spectra fom BvY. o and HY fomm the data are compared

to the spectra for the appropriate sum of  randoms and  Monte Carlo Loy
U P eyv. The nommalization lor  the latter spectia are taken from the

maxXimum likelihood tit. Consistent  presults are obtained for oach ol
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several data subsets including data with the positron in a particular
quadrznt, data taken with different instantaneous muon stopping rates, and
data taken early or late in the run.

As examples of theoretical constraints imposed by our result, we show
how this newv value of BueY limits the parameters in a composite model and
in supersymmetric theories. Using the formula of Tomozava®? for the wnass of
the constituents of muons and electrons, where the muon is taken t¢ be a 2S5
excited state of the electron, BueY can be combined ..ith Buevvlo to vield a
lower limit on the mass of the coastituents of 5.3 x 10B GeV. In broken
supetsymmetric theories,!! where the symmetry is broken by gravity,!2 the
mass of the supersymmetric partner of the muon must be greater than 36 GeV.
In both cases, the mass limits vary as [Buey=-1/4'

In summary, we see no evidence for the family-nonconserving decay
H * ey al a 1evel of 4.9 x 10 11 (902 C.L.). The upper limit for the
branching ratlo for this deray has improved nearly three orders of
magnitude since the advent of "meson factories”. We cxpect a further
improvement ia the sensitivity by a f[actor obf 500 in an upcoming
experiment.!!

There are a great meuy people who contributed in a major wvay to the
suceess ol thly  experiment. It is impossible to list them individually
here but we do want to acknovledge the excraovdinary assistance we had [rom
many poople  at  cach of owr institutions and from the operations staft ai
LAMPF. This work was supported iv part by the U. S, Department ol Encrgy

and the National Science Foundation.
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Fig. 2. Spectra from 68X of the data sample for each of the quantities
us2d in the likelihood analysis. (a) The distribution of Atey, the
relative timing betveen the posirtron and the photon. The solid curve
is the fit to these data with a gaussian for 4 & eyvv plus a quadratic
for randoms. The dashed line is the random background in tpe fit.
(b~d) The distributions of BeT. Eqs and EY' Tha curves are the sum
of Monte Carlo spectra for u # eyuv &nd random spectra obtained f{rom

out-of-time events.
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Fig. 3. The normalized likelihood function plotted as a function of the
number of inner bremsstrahlung events and the number of u* » e'y
events. The projected distribution on the NeY-Likelihood plane is

also shown.



